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ABSTRACT
The changing extents of the West Antarctic Ice Sheet (WAIS) and the manifestation of meltwater
discharge on the outer shelf during the Miocene were deduced using seismic stratigraphy and
seismic facies interpretations. Deep Sea Drilling Project (DSDP) Leg 28 drill sites were used for
chronologic constraints of the outer continental shelf (OCS) seismic stratigraphy to establish
correlations to coeval strata at the inner shelf SMS-ANDRIL drill site. The evidence indicates
that grounded ice sheets periodically existed on the OCS during the early and middle Miocene
and in section inferred to have been deposited in the late-Miocene. Large-scale grounding events
occurred between 18.2 - 14.1 Ma when ice occupied the Central Trough, the North and South
Central Highs (N/SCHs), and the rims of the Eastern Basin ramp. The grounding events resulted
in widespread erosion of the Outer Continental Shelf (OCS) and deposition of thick packages
(>50m) of ice proximal seismic facies within the Central and Eastern Ross Sea. High amounts of
sediment discharge, of both glacial-marine and ice-proximal sources, converted the Eastern
Basin ramp to a shelf platform, which created a larger area across which grounded ice could
advance by Late Miocene time. Comparison of the OCS record with the inner continental shelf
SMS-Andrill Site suggests that units interpreted as full glacial cycles must reflect small-scale
translations of grounded ice that did not affect the OCS. A large-scale meltwater discharge
episode occurred between 13.8-14.1 Ma is well-preserved on the OCS. Seismic evidence
indicates that grounded ice occluded Ross Sea at the time of melt discharge on the outer shelf.
The general lack of similar distributions of meltwater features in the overlying section is
consistent with the view of a shift to dry polar climatic conditions at sea level during the middle
Miocene but the absence of similar features in the underlying section is not consistent with the
view that similar climatic warmth existed during the early Miocene.
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CHAPTER 1 - OUTER CONTINENTAL SHELF GROUNDING EVENTS DURING THE
MIOCENE
1.1 INTRODUCTION
1.1.1 Ross Sea Geologic Background
The Ross Sea is an expansive water body on West Antarctica (Fig. 1) that formed as a result of
mid-Cretaceous and Eocene rifting of the West Antarctic Rift System (Van der Wateren and
Cloetingh, 1999; Huerta and Harry, 2006). The Ross Sea covers an area of approximately
1,100,000 km2, with an average water depth along the continental shelf of 500m, but water
depths range from ~350-1500m (Anderson, 1999). Presently, the Ross Sea and the Ross Ice
Shelf drain a large portion of the West Antarctic Ice Sheet (WAIS; Fig. 1).

Figure 1. Map of the Ross Sea, Antarctica. Gray shaded area is land and the Ross Ice Shelf.
The seismic grid is displayed in displayed by the black lines. Red circles are DSDP leg 28 OCS
drill sites. Various colored squares are inner shelf drill sites. CRP = Cape Roberts Project;
MSSTS = McMurdo Sound Sediment and Tectonic Study; CIROS = Cenozoic Investigations of
the Ross Sea; SMS=South McMurdo Sound (ANRILL): MIS = McMurdo Ice Shelf (ANDRILL)
1

1.1.2 Global Climate during the Middle Miocene
Deep-sea, benthic foraminiferal δ18O records are used as a proxy to infer changes in
global ice volume. Using these proxy data, many authors (e.g. Shackleton and Kennett, 1975;
Miller and Fairbanks, 1987; Flower and Kennett, 1994; Zachos et al., 2001; Shevenell et al.,
2004; Zachos et al., 2008) recognized a warm period in the middle Miocene (~17-15 Ma),
termed the Middle Miocene Climatic Optimum (MMCO). Additionally, global palynological
records indicate global climate warming in the Middle Miocene (e.g. Jimenez-Moreno et al.,
2005; Jimenez-Moreno and Suc, 2007; Sun and Zhang, 2008; Warny et al., 2009). Records of
sea level fluctuations indicate a period of relatively high sea level at this time (Haq et al., 1987;
Miller et al., 2005), implying either reduced global ice volume, in particular, limited extent of the
Antarctic Ice Sheet (AIS), since Northern Hemisphere glaciation did not occur until considerably
later. Increases in δ18O value are taken to represent expanded global ice volume and a general
cooling of global climate (Fig. 2). A proxy-based view allows estimates of past ice volumes to
be made but does not give insight as to the specific locations of ice sheets on Earth. Drill cores
and seismic data, along with the proxy data, should allow an overall better reconstruction of the
Antarctic cryosphere evolution. This approach has been partly successful, but there is still
disagreement within the community as to the geographic and temporal distribution of the
Antarctic Ice Sheet (AIS) throughout the Miocene, particularly the marine-based WAIS.
Presumably, the marine-based WAIS developed later than the land-based EAIS, after deep ocean
cooling lowered global ocean temperature (Flower and Kennett, 1994). Some authors prefer the
view of a well-developed WAIS since the Oligocene (Anderson and Bartek, 1992). Others
prefer the view of a restricted WAIS (DeSantis et al., 1995), while some propose a WAIS so
volumetrically insignificant that it had a negligible impact on the δ18O isotope record (0.06 ‰
for the Miocene; Pekar and DeConto, 2006). This two-part study aims to: 1) evaluate the extent
2

of grounded ice on the Central and Eastern Ross Sea OCS during the Miocene, 2) evaluate the
relationship of grounding event history on the OCS with respect to that represented by coeval
strata at the SMS-Andrill site on the inner continental shelf (ICS), and 2) determine the
manifestation of meltwater discharge at sea level on the Ross Sea OCS during the Miocene.

Figure 2. Zachos et al. (2008) δ18O curve for Miocene section compared to eustatic curve (Haq
et al., 1987), and global glaciation events (Miller et al., 1991). Red represents a warm period
(MMCO), while the blue represents a general cooling period.
1.1.3 Chronologic Control - Ross Sea Drill Sites
Relatively limited chronologic control is available for the Miocene stratigraphic section
on the Ross Sea OCS. DSDP Leg 28 drilled four cores on the middle to outer continental shelf
of the Ross Sea (Fig. 1). Recovery was poor for Pliocene and Pleistocene strata, but higher for
parts of the lower and middle Miocene. Savage and Ciesieski (1983) dated Miocene section
from Site 272 to be between 13.8 to 14.1Ma and 18.2 to 19.2 Ma based on diatom biozone data.
3

Miocene section at Site 273 was dated between 14.7 to 16.2 Ma and 18.2 to 18.34 Ma.
Widespread erosion resulted in large amounts of missing Miocene section at Sites 272 and 273.
Savage and Ciesieski (1983) used diatom biozone data from Site 274 on the Ross Sea
continental rise to propose that the WAIS was fully developed in the early Late Miocene, i.e.,
sometime between 8.5 - 10.0 Ma.
Additional drillsites in the Ross Sea include the Cape Roberts Project cores (CRP),
CIROS-1 and -2, the MSST1 drillhole, and the ANDRILL MIS site (Fig. 1). CIROS-1 ranges
from upper Oligocene to early Miocene (Roberts et al., 2003). These cores are all on the western
Inner Continental Shelf (ICS) within the Victoria Land Basin. This area is subject to erosion and
deposition associated with expansions of either the west directed flow of the EAIS (or TAM
outlet glaciers) or of north-directed flow of the WAIS.
In 2007, the SMS-ANDRILL project (Fig. 1) recovered a 1138.54 m-deep drill core from
the high-subsidence "moat" surrounding McMurdo Island (Florindo et al., 2009). The target was
Miocene and Pliocene strata. While a published age model is not available, tentative correlations
of unconformities and rock units of the inner and outer shelf is integral to the overall
understanding of Miocene WAIS evolution. The history of grounded-ice fluctuations deduced
from the inner shelf should be consistent with the history of grounded-ice fluctuations deduced
from the outer shelf, if both records represent shelf-wide grounding events of the WAIS. Up to
74 "sequences," representing advance and retreat cycles of grounded ice at the SMS site were
interpreted from the SMS core (Pers. comm. Chris Fielding, Steven Pekar, Sandra Passchier), but
fewer grounding events are reported from the OCS (e.g. Anderson and Bartek, 1992; DeSantis et
al., 1995, 1999). Thus, it is not clear how the glacial histories from the inner- and outer-
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continental shelf locations should be merged to develop an integrated regional view of grounding
line translations during the Miocene.
1.1.4 Seismic Perspective of Miocene WAIS Expansions
Previous studies have used the chronologic information from DSDP Leg 28 sites in
conjunction with shelfwide seismic surveys to interpret the Miocene evolution of the WAIS
within the Ross Sea. The extent and number of WAIS shelfwide expansions across the Ross Sea
OCS has been vigorously debated. One camp supported the view of shelf-wide WAIS
expansions throughout the entire Miocene epoch (e.g. Cooper et al., 1991; Anderson and Bartek,
1992). The other camp favored the view of limited WAIS extent through the early and middle
Miocene with shelfwide expansion of the WAIS occurring in the latest Miocene (e.g. DeSantis et
al., 1995). The δ18O proxy evidence, drill cores, and terrestrial-based investigations can be used
to support either viewpoint. Other seismic studies trying to reconcile the differences (e.g. Chow
and Bart, 2003; Bohm, 2009) have ultimately sided with one camp or the other, and found
evidence to support both views.
Anderson and Bartek (1992) proposed that the WAIS has had shelf-wide grounding
events starting in the late Oligocene with the WAIS having a similar configuration to that of
today by early Miocene. This generally agrees with the findings of Cooper et al. (1991), who
proposed that prograding wedges, prominent on the Ross Sea OCS mid-Miocene section, are the
result of an expanding ice sheet. A mid-Miocene regional unconformity ("Ross Sea
Disconformity," Houtz and Meijer, 1970; Houtz and Davey, 1973; Savage and Ciesielski, 1983)
noted within both the seismic data and at DSDP Sites 272 and 273 corresponds to a shelf-wide
grounding event and is coeval with the large-scale expansion of ice on East Antarctica. This
unconformity correlates with RSU-4 from the ANTOSTRAT Project (1995).
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DeSantis et al. (1995) focused on strata estimated to range from Cretaceous to late
Miocene. The ANTOSTRAT project (1995) assigned these strata to five seismic sequences,
RSS-1 to RSS-5. DeSantis et al. (1995) argued that small, localized ice caps were restricted to
subareal, topographic basement highs (North and South Central Highs; NCH and SCH) in central
and eastern Ross Sea. Glacial-marine sediment was shed from the highs into deep marine basins
during the early and mid-Miocene. No advance of grounded ice caps into the Eastern Basin was
possible because high tectonic subsidence created more accomodation than could be filled with
grounded ice (DeSantis et al., 1995). Eventually, large-scale advance of localized ice caps was
responsible for deposition of RSS-5 (mid to late Miocene), and eventually led to shelf-wide
erosion of RSU-3, a regional unconformity capping RSS-5 strata, by a temperate to sub-polar ice
sheet on the OCS. DeSantis et al. (1995) proposed that the first shelf-wide, polar ice sheet
grounded within the Ross Sea sometime during the late Miocene-early Pliocene. A separate
study, investigating the effects of backstripping on the shelf geomorphology drew similar
conclusions (DeSantis et al., 1999).
Chow and Bart (2003) reported a minimum of five shelf-wide expansions during the
Middle Miocene. Using sediment-volume estimates within outer shelf mid-Miocene basins, it
was proposed that the N/SCHs were too small to have supplied the sediment volume observed on
the OCS. They proposed that a large drainage basin, i.e. West Antarctica interior, and therefore
a relatively large ice sheet, provided the sediment. Additionally, using the dip direction of
prograding clinoforms preserved within large troughs, it was found that the primary direction of
ice drainage was highly similar to that of the WAIS drainage during the last glacial maximum
(Chow and Bart, 2003). In addition, it was proposed that shelf-wide advances may have begun
with ice caps centered on the N- and SCHs (Chow and Bart 2003). This interpretation slightly
reconciled the different view of Anderson and Bartek (1992) and DeSantis et al. (1995) by
6

arguing for expanded ice volume within the interior of West Antarctica, while also noting the
influence of the NCH and SCH on the WAIS.
Bohm et al. (2009) used a dense grid of high-resolution multibeam and seismic to
develop a tomographic model for the outermost shelf portion of the Eastern Basin. Eight
different unconformities were described and generally correlate with unconformites previously
described (Anderson and Bartek, 1992; ANTOSTRAT, 1995; and Chow and Bart, 2003). Bohm
et al. (2009) focused on younger Pliocene and Pleistocene units, but they generally support the
hypothesis of DeSantis et al. (1995) that no shelf-wide grounding events (i.e. similar to the LGM
advance) occurred until the late Miocene-early Pliocene. One important aspect of their study is
the interpretation of the laminated acoustic facies of Pliocene Unit U4, and the tops of
Pleistocene U8 and U7 as subglacial, as opposed to the generally-accepted view of an ice-distal
origin for this type of seismic facies. They argued that overcompaction and high pressure was
responsible for the observed laminations within this unit (Bohm et al., 2009).
This study aims to re-evaluate the conflicting conclusions of the previous studies. Unlike
previous studies, this investigation will use seismic mapping and seismic facies analysis at a
finer scale than previous studies (i.e. interpreting the facies of "subunits" within each mapped
horizon). The primary questions this study strives to address are: 1) What was the history of
changing extent of grounded ice on the Ross Sea OCS throughout the Miocene? and 2) How
does this history of grounding events relate to grounding event history on the ICS within coeval
section interpreted from the SMS-Andrill site? It is hypothesized that grounded ice facies and
large-scale erosional features will be found on the OCS banks and basins throughout the
Miocene supporting the view that shelfwide grounding events within this timeframe.
Additionally, it is hypothesized that the inner shelf site must contain significant hiatuses
representing periods of time when major advance of the WAIS to the shelf edge and thus eroded
7

strata from inner continental shelf locations. It is hypothesized that the large number of
sedimentary cycles reported from the inner shelf at the Andrill SMS site must therefore represent
small-scale oscillations of TAM outlet glaciers with at most, a few major advance of grounded
ice to the outer shelf represented by hiatuses on the inner shelf.
1.2 METHODS
1.2.1 Experimental Approach
The Miocene strata within the Eastern Basin was targeted through correlations to DSDP
Leg 28 outer shelf sites. Diatom-based biostratigraphic dates from Savage and Ciesielski (1983)
and correlations with DSDP Leg 28 sites were used for chronostratigraphic control. Early to
mid-Miocene section is present at Site 272 and 273 (Fig. 3). At DSDP Site 274, late and early
Miocene section was sampled and used to date section not sampled within the Ross Sea OCS.
Other authors have taken the same approach to date the Late Miocene section not sampled within
the Ross Sea OCS (Savage and Ciesielski, 1983; DeSantis et al., 1995). The depths of dated
section at the DSDP Site 272 (Hayes and Frakes, 1975; Savage and Ciesielski, 1983;
ANTOSTRAT, 1995) was converted to time (Fig. 4, Table 1). The ANTOSTRAT (1995) timedepth model was used for time-depth conversion. Within the DSDP Site 272 drillcore RSU4 is
at143m, which is at approximately 325 ms bsf TWTT. Correlations of regional unconformities
around the Central and Eastern Ross Sea was made using the seismic grid. Structure-mapping of
unconformities within the section of interest, allowing for reconstructions of paleo-shelf
geometries and paleo-bank and -trough distributions, was completed. Seismic facies mapping
was also undertaken, which allowed for interpretations of the presence, absence, and proximity
to grounded ice. The seismic facies mapping done in this study was of particular importance, as
it was what distinguished this study from other, similar studies. Additionally, the seismic facies
mapping was completed at a high detail.
8

Figure 3. Chronostratigraphic chart of the units mapped in this study and a comparison of the
seismic units to other studies. Note that RSU 3 and RSU 5 (ANTOSTRAT, 1995) are re-dated
based on correlations made in this study using the ANTOSTRAT (1995) time-depth conversion
model. DSDP leg 28 drill sites were used for chronostratigrahic constraints.
9

Figure 4. Line drawing of seismic profile 90-30 and the location of DSDP Sites 272 and 271.
See Fig. 3 for the actual section sampled. Red section is early Miocene, orange section is middle
Miocene, yellow section is inferred location of later Miocene.

Figure 5. ANTOSTRAT (1995) time-depth model for Pliocene strata. DSDP Site 271.
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Figure 5. (cont'd). ANTOSTRAT (1995) time-depth models for Miocene strata. Site 272 (left)
and Site 273 (right). Asterisk indicates a reflector repositioned in this study.
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Table 1. Time-depth conversion and ages for Miocene section at DSDP Site 271.

Site 271 - Pliocene and Pleistocene Strata
Age
(Savage & Ciesielski, 1983)
0 (?) -5.23 Ma

Sub-bottom depth (mbsf)
(Hayes and Frakes, 1975)
0-265

TWTT (msbsf)
(ANTOSTRAT, 1995)
~0-325

Table 2. Time-depth conversion and ages for Miocene section at DSDP Site 272.

Site 272 - Early and Middle Miocene Strata
Age
(Savage & Ciesielski, 1983)
14.1-13.8 Ma
19.2-18.2 Ma

Sub-bottom depth (mbsf)
(Hayes and Frakes, 1975)
23.5-145
145-441

TWTT (msbsf)
(ANTOSTRAT, 1995)
~30-170
~170-420

Table 3. Time-depth conversion and ages for Miocene section at DSDP Site 273.

Site 273 - Early and Middle Miocene Strata
Age
(Savage & Ciesielski, 1983)
16.2-14.7 Ma
18.34-18.2 Ma

Sub-bottom depth (mbsf)
(Hayes and Frakes, 1975)
42.5-272.5
272.5-346.5

TWTT (msbsf)
(ANTOSTRAT, 1995)
~50-325
~325-375

1.2.2 Criteria of Seismic Facies
In polar regions, chaotic reflections are interpreted as representing unstratified iceproximal or sub-ice sediments (King et al., 1991; Anderson and Bartek, 1992; DeSantis et al.,
1995). Laminated reflections are interpreted as representing stratified, ice distal glacial-marine
or pelagic sediment. When erosion, by either truncation of underlying reflections or an
undulating surface with large diffractions, was present on the reflector being mapped, the
underlying chaotic facies was considered to be sub-ice sediment. Units with semi-chaotic
reflectors, and chaotic reflectors with no erosion on the unit's uppermost reflector were
considered to be ice-proximal. Sub-ice and ice-proximal seismic facies were not distinguished as
separate units. Ice-distal facies, or glacial marine facies, were those with clear internal
reflectivity of closely-spaced, parallel, subhorizontal laminated reflectors. Three seismic facies
successions were mapped based on these criteria. When generating the facies maps within
12

unconformity-bound units, the stratigraphic superposition of the facies was taken into account, to
create maps that showed: 1) uniform chaotic facies, 2) chaotic facies overlain by laminated
facies, and 3) uniform laminated facies.
1.3 RESULTS
Using the ANTOSTRAT (1995) time-depth model, section sampled at DSDP Leg 28
Sites 273, 272, and 271 was posted on seismic lines PD 90-36 and 90-30. A margin of error of
+/- 5 ms is assumed for conversions from the time-depth model to the seismic lines used for
correlation in this study. Based on the T-D conversion (Table 2), section sampled at Site 272
was found to between 0 and 400 milliseconds below sea floor (ms bsf) on seismic line 90-30
(Figs 4, 5). The RSU-4 reflector (ANTOSTRAT, 1995) was determined to be approximately
170 ms bsf at Site 272. This reflector correlates with the Brown Unconformity of this study.
Based on the location of the RSU 5 reflector on interpreted seismic profile 90-30 from DeSantis
et al. (1995) it is argued that this reflector was penetrated at Site 272 (Fig.4, 5, 6).
Section sampled at Site 271 was found to be between 0 and 325 ms bsf (Table 1) and
does not penetrate the Miocene section (Hayes and Frakes, 1975). On seismic line 90-30, the
RSU 3 reflector is slightly below 325 ms bsf, which correlates to the Orange Unconformity of
this study (Fig. 3). It is therefore argued that the Orange Unconformity must be older than 5.23
Ma, i.e., the oldest possible age of early Pliocene section overlying the unconformity at Site 271
(Fig. 6).
Section sampled at Site 273 was found to be between 0 and 1075 ms bsf (Table 3) on
seismic line 90-36. Additionally, the RSU4 reflector (ANTOSTRAT, 1995) was determined to
be 325 ms bsf at Site 273 and is equivalent to the Ross Sea Disconformity described by Savage
and Ciesielski, 1983). The Brown reflector described in this study correlates with RSU 4
(ANTOSTRAT, 1995) at Site 273 on seismic profiles 90-36 and 90-37.
13

Miocene strata is sampled at two Leg 28 DSDP sites (Site 272 and 273) on the outer shelf
(Fig. 4). In this study, eight distinct seismic units were investigated based on the regional extent
of bounding unconformities and correlative conformities (Fig. 3). The unit is named by its upper
bounding surface. For example, the Orange Unit is below the Orange Unconformity. From
oldest to youngest, the unconformity- bound units are: Black, Brown, Pink, Blue, Light Blue,
Yellow, Gray, and Orange.

Figure 6. Chronostratigraphy of this study. Black boxes represent sampled section at Leg 28
DSDP Sites.
Correlations of the Black Unconformity showed that the surface projects below the
water-bottom multiple (WBM) across much of the study area and for this reason the unit and
14

unconformity were not mapped in detail. Additionally, in many areas, the Brown Unconformity
has removed the Black Unconformity, leaving only basal portions of the Black Unit. Where the
Black Unconformity and Unit lie above the WBM, (Fig. 7) the unit consists of thick (~250 ms
TWTT) chaotic facies bound by dipping reflections that exhibit downlap in a basinward
direction. The downlap surface correlates with RSU-5 (ANTOSTRAT, 1995) which is referred
to as the Red unconformity. This marker defines the base of the Black Unit in Ross Sea Eastern
Basin and Central Trough. Concave-up reflectors within the Black Unit have been previously
interpreted as forests (Anderson and Bartek, 1992). The correlations shown here demonstrate that
the truncation was not associated with a contemporaneous advance of the grounding event that
deposited the Black-Unit chaotic wedges. Seismic profile 90-36 (Fig. 8) shows that in some
areas the Black Unit chaotic facies are overlain by >100ms (TWTT) of distal facies inferred to
represent glacial-marine strata. The stacked thickness of the Black-Unit chaotic wedges is
thickest (>400 ms) within the thalweg of the Central Trough (Fig. 7).
The Brown Unit is the stratigraphically-lowest unit for which maps were constructed. It
is considered to be basal middle Miocene in the Eastern Basin on correlation to DSDP Site 272
where it is expected to be younger than 18.2 Ma. Correlation to Site 273 indicates that the
Brown Unconformity is younger than 16.2 Ma (Fig. 3). The Brown Unconformity correlates
with RSU-4 (ANTOSTRAT, 1995) at DSDP Site 272 in the Eastern Basin. The Brown
Unconformity reflector ranges from ~500ms at topographic highs to 1500ms after which the
reflector projects below the water bottom multiple. The Brown Unit ranges in thickness from
approximately 0 to 200ms TWTT. Zero thickness corresponds to where the unit has been
completely removed by glacial erosion during a contemporaneous or subsequent advance of
grounded ice. Seismic facies of the Brown Unit include chaotic, and laminated facies. In some
places, laminated facie overlie chaotic facies. Two topographic highs, the North Central High
15

Figure 7. Seismic profile 90-35showing basinward dipping wedges of chaotic facies in the base
of the Black unit downlapping RSU-5, i.e., the Red Unconformity described in this study. The
Brown unconformity defines the top of the Black unit on the northern end of the transect. The
Pink Unconformity truncates the Brown Unconformity/Unit. The overlying Blue Unit is
condensed at this location and is essentially amalgamated with the Pink Unconformity over the
length of this seismic transect.
16

(NCH) and the South Central High (SCH), are evident on the structure-contour map of the
Brown-Unit's upper surface (Fig. 9). The Brown reflector is both an erosive unconformity at the
N/SCHs and within the Central Trough. Within Central Trough, the Brown Unconformity is
undulating and erosive in character to depths below 1400 ms (Fig. 7). Within Eastern Basin, the
updip limit of the Brown Unconformity is truncated. Where preserved, the Brown Unconformity
dips basinward at a low angle (>0.3°) and is represented as a correlative conformity overlying
ice-distal facies.
The Pink Unconformity is within section estimated to range from 13.8 to 14.1 Ma based
on correlation to age control at Site 272 (Fig. 3). Seismic correlation to Site 273 confirms that
the Pink Unconformity is younger than 14.7 Ma (Fig. 3). The Pink Unconformity surface ranges
between ~600ms to ~1400ms (Fig. 10). Below 1400ms, the unconformity is either below data
resolution or below the water bottom multiple. The Pink Unit ranges in thickness from 0 to
~210ms TWTT. The Pink-Unit facies are predominantly proximal, and the upper reflector is an
erosive unconformity at the N- and SCHs and Central trough. Distal facies are inter-bedded
between chaotic facies within structural lows within the Central Trough indicating multiple
episodes of ice advance and retreat occurred during the time represented by the Pink Unit. The
Pink Unconformity can be correlated to Eastern Basin where it caps proximal facies in the
vicinity of the unconformity‟s updip termination. In a basinward direction, Pink Unit-proximal
facies are replaced by distal facies. In other words, the Pink Unconformity becomes a
disconformity on the Eastern Basin “outer shelf” ramp. The ramp dips at less than 0.3° before
projecting below the water bottom multiple. Proximal facies from the base of the Pink Unit
overly the Brown Unconformity in the Central Trough (Fig. 8). Around the NCH and at the
northeastern end of SCH, erosion at the Pink Unconformity has completely removed the Pink
Unit and part of the underlying Brown Unit.
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Figure 8. Section of seismic profile 90-36 showing the preserved top of the Black Unit on the
western flank of Central Trough. The Black Unconformity is truncated by the Brown
Unconformity in the axis of the Central Trough (central segment of the seismic profile). See
map for location. The Brown unconformity is truncated by the Pink Unconformity. The
overlying Blue Unit thins towards the east at this transect. VE=33:1
18

The Blue Unconformity is constrained to have formed between 13.8 and 14.1 Ma based
on seismic correlation to age control at Site 272 (Fig. 3). The Blue Unconformity and its
correlative conformity ranges between ~600ms to ~1200ms in the northwest Eastern Basin (east
of the NCH). The Blue unit thins to below a thickness that can be seismically resolved with the
data used in this study. The unit is expected to continue as a condensed section above the Pink
Unconformity basinward of the Blue Unit‟s downlap limit (Fig. 11). The Blue Unit reaches a
maximum thickness of ~250 ms on the west flank of Central Trough and on the west flank of the
SCH (Figs. 11, 12, and 13). Blue-Unit facies consist of chaotic, laminated facies overlying
chaotic, and strictly laminated facies (Fig. 11). Laminated reflections are the dominant seismic
facies of the Blue Unit.
The upper bounding surface of the Light Blue unit is a disconformity (Fig. 13). Unlike
the thick chaotic facies in the Blue Unit, the Light Blue Unit is dominated by seismicallylaminated facies interpreted as distal ice facies. The elevation of the Light Blue Unit ranges from
700ms TWTT at the SCH to 1300 ms (shown as Fig. 6 in Chapter 2). The Light-Blue Unit also
downlaps the Pink Unit. In a basinward direction, progradation of the Light-Blue Unit buries the
condensed section of the underlying Blue Unit east of the NCH. This unit ranges in thickness
from 0-5 ms at downlap locations to 120 ms within the Central Trough.
Above the Light-Blue-Unit stratigraphic level, mapped units were found to be confined to
the Eastern Basin, with exception of the Orange Unit. The removal of these middle and late
Miocene units from Central Trough was due to multiple episodes of erosion by grounded ice.
Erosion has removed much of the upper Miocene section west of Ross Bank, making continuous,
physical correlation of upper Miocene units from east and west of Ross Bank difficult.
Conversely, the majority of the lower stratigraphic section described to this point, were not
mapped to the far-east of Ross Bank because the strata commonly projected below the water
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bottom multiple. Additionally, the upper section (Yellow, Gray, and Orange Units) is not wellconstrained temporally, and therefore a less-detailed approach was taken in mapping these units.
Therefore, within the lower section (Black through Light Blue Units) each single advance
episode was inferred based on the stratigraphic superposition of distal seismic facies overlying
proximal seismic facies. It is noted that within the upper section multiple grounding events may
have occurred within each unit.
The Yellow Unconformity is stratigraphically above the youngest middle Miocene
sampled at Site 272 and below the oldest Pliocene section sampled at Site 271 (Fig. 3) as
observed on seismic profile 90-30. The Yellow Unconformity and correlative conformity ranges
from ~800ms to ~1500ms, at which point the reflector projects below the water bottom multiple
(Fig. 14). The Yellow Unit ranges from 10ms to ~300ms. The mappable portion of the Yellow
Unconformity is confined to the northwestern side of Eastern Basin. The Yellow Unit is
predominantly composed of chaotic facies overlain by laminated facies (Fig. 14). To the east of
central highs, the Yellow Unit is ice distal facies. The lower part of the Yellow Unit is
predominantly proximal and the upper part is predominantly distal. The correlative conformity
of the Yellow Unit projects below the water bottom multiple within the Eastern Basin. The
Yellow Unconformity structure and facies map (Fig. 14) show the Yellow Unconformity
structure and areal distribution of seismic facies.
The Gray Unconformity is stratigraphically above the youngest middle Miocene sampled
at Site 272 and below the oldest Pliocene section sampled at Site 271 (Fig. 3) as observed on
seismic profile 90-30 (Fig. 4). The elevation of the Gray Unconformity and its correlative
conformity ranges from 800ms to 1500ms (Fig 15). The thickness of this unit ranges from to 10
to 20 ms near structural highs to up to 400ms where mapped within the central Eastern Basin.
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Figure 9. Brown Unconformity structure contour map (in TWTT; CI = 100 ms) superimposed
with vertical distribution of seismic-facies relationships. The Brown Unit is absent from the
thalweg of Central Trough because the Brown Unconformity has entirely eroded through the
Brown Unit at the axis of this paleo-trough.
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Figure 10. Pink Unconformity structure map (TWTT) and facies relationships. Contour interval
is 100ms.
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Figure 11. Blue Unconformity structure map (TWTT) and facies relationships. Contour interval
is 100ms.
23

Figure 12. Blue Unit isopach map. Red line indicates truncation of the unit. Green lines
indicate the downlap limit of the unit, and the blue lines indicate the limit of mapping. Contour
interval is 20 ms TWTT. One degree latitude is approximately 100km. Yellow line shows
location of seismic profile 95-19/95-20 ( Fig. 13).
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Figure 13. Line drawing of section of seismic profile 95-19 and 95-20. The Blue Unit prograded
to the middle shelf in the axis of Central Trough but the unit is condensed on the outer shelf. For
location of profile see Figure 12. VE=66:1.
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The Gray Unit is composed of predominantly distal facies, with pods of chaotic facies
distributed throughout the distal facies (e.g. Fig. 19, 24). The abundance and thickness of the
proximal facies and chaotic pods increases toward the structural highs. Intra-unit unconformities
are observed within the unit, especially in the southern region of the west flank of the Eastern
Basin. Seismic line 94-09 (Fig. 24) shows the typical facies relationships of the Gray Unit.
Proximal facies rim the shallow water updip reaches of basinward dipping Gray-Unit stratal
surfaces of the Eastern Basin, where inter-bedded proximal and distal facies are present. Seismic
line 94-14 shows the typical facies relationships of the Gray unit, i.e. distal, with a chaotic pod,
in a north-ward direction and close to the paleo-shelf break.
The Orange Unconformity is stratigraphically above the youngest middle Miocene
sampled at Site 272 and below the oldest Pliocene section sampled at Site 271 (Fig. 3) as
observed on seismic profile 90-30. The Orange Unconformity ranges from 700ms to 1500ms.
The thickness of the unit ranges from ~20ms to 350ms. The Orange Unit was mapped from the
Eastern Basin to the Central Trough. The Orange Unconformity correlates with the RSU-3
reflector (Fig. 3) on seismic profile 90-30 (Fig. 4). The Orange Unconformity extends through
the Eastern Basin; a jump-correlation was made to the Central Trough, where it is present.
The distribution of seismic facies within the Orange Unit does not entirely match the
typical facies relationships observed within the other units investigated in this study. Toward the
southern edge of the Eastern Basin, the Orange Unit consists of at least four alternating
sequences of distal and proximal sediment (Fig. 16). This is similar to the Gray Unit, with each
intra-Orange unit being bounded by intra-unit unconformities. On some seismic lines, such as
94-14 (Fig.19), distal facies are found around the rims of the Eastern Basin but the reflectors are
hummocky and undulating in nature.
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Figure 14. Yellow Unconformity structure map (TWTT) and facies relationships. Contour
interval is 100ms. Proximal facies associated with the Yellow Unit appear to be distributed
throughout the entire Eastern Basin. Mapping of this unit was limited to the Eastern Basin
because of erosion.
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Toward the basin, relatively thin proximal facies are wedged between the distal facies but
the intra-unit unconformities could not be mapped regionally. Therefore, the limit of OrangeUnit facies were approximately mapped to illustrate the overall pattern of distal facies overlying
proximal facies. In the northernmost Eastern Basin, the Orange Unit consists entirely of distal
facies, however, the section is relatively deep and resolution of the seismic facies is poor. An
interesting feature within the Orange Unit is the ridge in the northwestern-most Eastern Basin,
east of the NCH, which can clearly be seen on the structure map and seismic line 94-14 (Fig. 17,
19) indicating that this region had two discrete ice streams occupying what is now the Glomar
Challenger Basin paleo-trough.
On the Western flank of Ross Bank, i.e. the Central Trough, the Orange Unconformity is
erosive in nature, and, similar to the unit's character within the Eastern Basin, showing laminated
reflectors with a hummocky and undulating nature (Fig. 13). No direct correlation of the Orange
Unit can be made between the Central Trough to the Eastern Basin but a reasonable jump
correlation is possible because of stratigraphic superposition of other units mapped in the Central
Trough, i.e. the Pink, Brown, Blue, and Light Blue. It is also noted that section presumed to
represent the Yellow and Gray Units is present within the Central Trough between the Light
Blue Unit and the unit presumed to be the Orange Unit, explaining the presence of these units on
seismic line 95-19/12 (Fig. 13). However, these units were not mapped in the Central Trough
due to their limited extent and the inability to correlate the units to the Eastern Basin. However,
the Orange Unit was mapped in the Central Trough because, where it is preserved, it is
extensive. Additionally, the highly erosive nature of the Orange Unconformity and the thick
section preserved within the Eastern Basin and the Central Trough seem to make this unit of
particular importance, therefore the Orange Unit and Unconformity were mapped in high detail,
including mapping of subunits within the Orange Unit (e.g. Figs. 16 and 18).
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Figure 15. Gray Unconformity structure map (TWTT) and facies relationships. Contour interval
is 100ms. Yellow line is section of seismic profile 94-09 (Fig. 16). Note the presence of
proximal facies dissociated from the rest of the proximal facies within the southern region of the
map. Mapping of this unit was limited to the Eastern Basin because of erosion.
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Figure 16. Section of seismic profile 94-09 (dip line). VE=33:1. For location of seismic profile
see Fig. 15 or 17. The intra-unit unconformities associated with the Orange Unit can be
observed on this seismic profile. Additionally, below each intra-unit unconformity is an intraOrange unit (sub-unit) composed of chaotic (i.e. proximal) seismic facies. It is interpreted that
each of these sub-units was deposited by a single ice-sheet grounding event. Along with the
Orange Unconformity, the upper-most intra-unit unconformity associated with the Orange Unit
was mapped and can be observed in Fig. 18. Below the Orange sub-units the Gray
Unconformity is shown (in dark gray), along with an intra-unit unconformity (dashed line),
which is the product of a meltwater outburst (see Chapter 2). Similar to the Orange, it is
interpreted that multiple grounding events may have deposited the Gray Unit, including all of the
subunits within it.
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Figure 17. Orange Unconformity time-structure map with seismic facies map overlay. CI is
100ms TWTT. Blue line is location of 94-09 (Fig. 16) and yellow line is location of line 94-14
(Fig. 19).
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Figure 18. Structure and facies map of the third Orange intra-unit Unconformity, i.e. the
unconformity that is directly stratigraphically below the Orange Unconformity. This
unconformity is truncated by the Orange Unconformity in all areas (besides basinward). Figure
16 shows an example of this intra-unit unconformity and its associated sub-Orange unit. The
intra-unit unconformities associated with the Orange unit could all potentially be mapped as
single units, but were not because temporal constraints are poor for this section.
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Figure 19. Seismic profile NBP 94-14. Note the wedge-like feature and the stacked intra-unit
unconformities within the Orange Unit. VE = 66:1. See Fig.16 for location.
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1.4 DISCUSSION
1.4.1 Chronologic Constraints
RSU-5 is dated to ~21Ma at Site 273 (ANTOSTRAT, 1995) however, our time-depth
conversions using the ANTOSTRAT velocity model shows that RSU-5 is penetrated at Site 272
within section estimated to range from 18.2 to 19.2 Ma by diatom biozones (Savage and
Ciesielski, 1983). The Black Unit described in this study is above RSU-5 and so the Black Unit
wedges prograded to the Eastern Basin area sometime between 18.2 and 19.2 Ma. The advance
of grounded ice that eroded the Black Unconformity can only be constrained to be older than the
16.2 Ma based on correlation to Site 273. The overlying Brown Unconformity coincides with
RSU4, which is here dated to 16.2 Ma based on the oldest age of the overlying section at Site
273 in the Northern Basin (ANTOSTRAT, 1995). Therefore, both the Black and Brown
Unconformities formed in the early Miocene between 16.2 and 18.2 Ma.
Deposition of the Pink Unit is constrained to have begun by 16.2 Ma based on correlation
to the oldest early Miocene section at Site 273. The Pink Unconformity is constrained to have
formed between 13.8 and 14.2 Ma based on correlation to section of this age at Site 272 (Savage
and Ciesielski, 1983). The Blue and light Blue Units and bounding unconformities are
condensed above the Pink Unconformity at Site 272 and thus the Blue and Light-Blue Units are
likewise constrained to have been formed between 14.2-13.8 Ma. The Yellow Unconformity is
truncated near the sea floor basinward from Site 272, but a reflector within the Yellow Unit
extends to Site 272 at a depth of 92.5m. This depth interval is within a section estimated to range
from 14.1 and 13.8 Ma, based on the biozones of Savage and Ciesielski (1983). The overlying
Yellow Unconformity is constrained to be younger than 13.8 Ma and older than the oldest
Pliocene strata at Site 271. The Orange Unconformity is immediately below the oldest Pliocene
penetrated at Site 271 but the Pliocene may continue for some distance below the Site 271
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bottom-hole depth. The Orange Unconformity is arbitrarily assigned a top of late Miocene age
based on the available age control. This deduction is at odds with the ANTOSTRAT (1995)
correlation which estimates that this horizon is equivalent to RSU-3 which is assigned an age of
10 Ma. If correct, therefore, the Orange, Gray and Yellow Units are constrained to have been
deposited somewhere between 13.8-5.23 Ma. Due to the limited age control on the outer shelf
and for the impossibility to precisely know how much Miocene section might be removed, the
chronostratigrahic positions of the Orange, Gray and Yellow Unconformities and Units are
highly speculative.

Figure 20. Age model of the SMS core (Kontar et al., 2010) used for correlation to the OCS.
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The Miocene section on the OCS was correlated to coeval section at the SMS-Andrill site
using an unpublished, working age model for the SMS-Andrill core (Fig. 20). Following the age
model, the majority of the lower section sampled at the SMS site is early Miocene in age. The
age of the upper section is less precisely constrained. Any future work done that may use this
study as a reference should note that the SMS age model is subject to change (David Harwood,
personal communication), which would therefore change any of the correlations made from the
outer shelf to the inner shelf.
1.4.2 Evolution of the WAIS during the Miocene, Ross Sea Sector
1.4.2.1 The Black Unit: Prograding Features and the Distribution of Proximal Facies
The prograding wedges observed within the Black Unit (Fig. 7) and the thick section of
proximal facies within the Central Trough (Fig. 8) provide strong evidence that grounded ice at
the SCH and NCH also occupied Central Trough. This interpretation is in relative agreement
with Chow and Bart (2003). Evidence supporting the interpretation that these features are
prograding wedges includes the observation that they share a common downlap surface, which
correlates with the ANTOSTRAT (1995) RSU-5 surface. The dimensions of the last wedge in
the sequence are thicker than the dimensions of grounding zone wedges on the modern seafloor,
deposited during and since the last glacial maximum (Shipp et al., 1999). The difference in
thickness dimensions may be due to difference in sediment flux rates between these two time
intervals, with the Miocene units presumably being subjected to higher flux than the modern-day
system.
An alternate hypothesis explaining the wedge-like features below the Black
Unconformity is that the concave-up curvature represents an oblique cross section of a paleotrough surface. If the concave-up reflectors formed as the flank of an erosional trough features,
it would require an overall north-westward migration of the paleo-trough axis through time with
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multiple intervals of trough infill followed by partial excavation of the trough. At the
southeastern-most point of the observed features (Fig. 8), the paleo-trough would have had to
migrate through/over the SCH, unless it was emanating from it. Another argument against the
trough-hypothesis is that there is no complimentary north/northwestern erosional conjugate
trough-flank features observed within this study, but it is acknowledged that the complimentary
trough-edges could have been eroded as the trough migrated westward.
In summary, the Black Unit is interpreted as proximal grounding zone wedges deposited
by ice caps which emanated from the topographic highs and which eventually coalesced within
the thalweg of the Central Trough. The depositional pinch out of the proximal facies to the
West, and the thick distal drape toward the West (Fig. 8) indicate that the prograding wedge
system was restricted to this shallower central region of the Ross Sea but that grounded ice did
not extend basinward of the middle shelf, perhaps because the accomodation was too high of the
more steeply dipping flank of the Eastern Basin as opposed to flat and relatively lower
accommodation at the Central Trough.
1.4.2.2 The Brown, Pink and Blue Units & Unconformities: Large-scale Grounding Events
The Brown Unconformity was formed by a massive ice sheet that partially advanced
across Eastern Basin, as evidenced by deep erosion within the Central Trough and the
distribution of ice proximal facies ( Fig. 9). In certain areas of the Central Trough, all BrownUnit seismic facies were completely removed by advancing ice, but some advance-phase
proximal facies were preserved at topographic highs. It is hypothesized that erosion was more
severe within the trough due to streaming ice within the trough. The absence of proximal facies
on the preserved up dip rim of Eastern Basin may reflect that this segment of the basin was too
deep to be occluded by grounded ice. While the grounded ice did not advance far into the
Eastern Basin at the time of the Brown Unit deposition, it is argued that the ice sheet that
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deposited the Brown Unit and eroded the Central Trough was the largest WAIS within the Ross
Sea up to this point.
A step-wise, time-transgressive conceptual model of advancing ice illustrates how the
Brown Unit and Unconformity formed. Ice advance probably nucleated from the N/SCHs,
depositing proximal ice facies at and near these locations. At this time, ice-distal sedimentation
occurred within the Central Trough. The ice caps continued to advance and occluded the Central
Trough, possibly with streaming ice. High ice volume must have been present in order to have
erosive ice streams within the Central Trough.
Widespread proximal facies are associated with the Pink Unit, indicating extensive
grounded ice. This time generally corresponds with the Mi-3a glaciation event (Miller et al.,
1991) during the MMS. Explaining the mode of formation of the Pink Unconformity and its
units unusual facies relationships, i.e. the erosive nature of the unconformity over ice-distal
facies, requires a non-traditional explanation (Fig. 21). The formation of the Pink Unit and
Unconformity are here explained: Stage 1) A relatively large-scale ice sheet deposited the
proximal facies associated with the unit. Stage 2) The ice sheet retreated and glacial marine (i.e.,
distal) sedimentation occurred. Stage 3) A subsequent, larger ice sheet advance occurred, in turn
eroding the proximal facies associated with the second advance, as well as portions of the
underlying distal facies deposited prior to re-advance of grounded ice.
This model explains the facies relationships observed, as well as the erosive nature of the
Pink Unconformity. The model also requires that, unlike the Brown Unit, no streaming ice was
present within the Central Trough during Stage 2, as the laminated facies are relatively wellpreserved within the paleo-trough. Ice may have been streaming in another location at this time.
However, if the model is correct, it is suggested that perhaps a temperate, warm-based ice sheet
existed during this time, as they are known to be more erosive ( De Santis et al., 1999).
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The observation that there is widespread proximal facies within the Eastern Basin
associated with the Pink Unit and the observation that the Pink Unconformity truncates the
Brown Unconformity in some troughs supports the interpretation of a large-scale ice-grounding
event during the Middle Miocene, i.e., Stage 3. The distinction of proximal facies toward the
southern edge of the Eastern Basin indicates grounded ice may have been sourced from the
interior of West Antarctica. If this is the case, then a large-scale ice sheet was present on the
OCS during the deposition of both the Pink and Brown Units. In summary, it is argued that large
volumes of grounded ice must have been present on the OCS during the deposition of the Brwon
and Pink Units.

Figure 21. Section of seismic profile 90-20. See Fig. 22 for location. This figure shows the
intra-unit unconformity within the Pink Unit and the underlying proximal facies with. Above the
intra-unit unconformity is distal facies deposited after the retreat of the second grounding event
associated with the deposition of the Pink Unit. See the text for details.
The Blue Unit is dominantly distal facies which downlap the Pink Unit chaotic facies
toward the Eastern Basin (Fig. 10). The presence of Blue Unit proximal facies around the SCH
indicates grounded ice. Seismic line 95-19/20 (Fig. 13) shows a prograding sequence, with the
Pink Unit being the downlap surface (the Light Blue Unit is similarly deposited) . The
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Figure 22. Structure map of the Pink Unconformity and facies distribution within the unit.
Yellow line is the location of seismic profile 90-20 (Fig. 21).
combination of these two factors indicates an overall advance of grounded ice. A vertical facies
relationship between the Pink Unit proximal facies and Blue Unit distal facies exists within the
Central Trough, as does a lateral facies transition between the Blue Unit proximal and distal
facies (Fig. 23). The Blue Unit proximal facies was deposited from an ice sheet advancing from
the southwest, through the Central Trough, based on the observation of the prograding sequence
on line 95-19/20 and the wedges of proximal sediment emanating from the SCH (Fig. 12).
Based on this observation and interpretation, it is inferred that an ice sheet of large extent (i.e.
not restricted to the Central Highs) was present on the outer continental shelf during the
deposition of the Blue Unit. However, this ice sheet was not as large as the ones associated with
the Brown and Pink Units.
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Figure 23. Section of seismic profile 95-14 showing wedge-like geometry and facies
relationships of the Blue Unit at the SCH. Seismic profile 95-14 is a north-south trending
seismic profile that follows the ridge associated with Ross Bank.
1.4.2.3 Yellow and Gray Units - Glacial-marine Sedimentation and Infilling of the Eastern Basin
Deposition of the Yellow and Gray Units caused a change of the OCS shelf morphology
and stratal geometries. During the deposition of these units, gradual infilling of the Eastern
Basin ramp took place, in turn developing a larger comparatively-shallow-water shelf platform
on which grounded ice advanced (DeSantis et al., 1995; 1999). By this time, the WAIS had a
larger and shallower area upon which to ground.
The proximal facies of the Yellow Unit were deposited by an ice sheet that at least
occupied the Western flank of the Eastern Basin and thus was most likely pinned to NCH.
However, it should be noted that this interpretation is based upon limited map view observations
made for the Yellow Unit. Because the Yellow Unit cannot be mapped further west, it is not
possible to determine whether ice may have flanked, or even penetrated further into Eastern
Basin. Evidence for this interpretation includes the distribution of proximal facies within the
Eastern Basin and around the NCH and SCH. It is noted that ice proximal facies around the
topographic highs may be due to sediment gravity flows shed by ice caps, as hypothesized by
others (DeSantis et al., 1995). Therefore, confidently deducing the difference between localized
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caps or more extensive ice cover (i.e. communication between the NCH and SCH caps, or
ultimately a shelfwide WAIS) is not possible for the Yellow Unit.
The structure contour map for the Yellow Unconformity (Fig. 14) suggests that OCS
platform development, i.e. thick and rapid infilling of the accomodation within the Eastern
Basin, was underway. DeSantis et al. (1995, 1999) proposed that reduced thermal subsidence
within the Eastern Basin allowed the platform to develop. An upper, thick section of distal facies
accounts for almost half of the thickness of the Yellow Unit, especially in the basinward
direction. This distal facies was deposited after the retreat of the ice sheet which deposited the
genetically-related proximal facies. Ice may have been restricted to the terrestrial margins and
the West Antarctic interior at the time of deposition of the distal facies.
The Gray Unit is primarily composed of distal facies in the Northern section of the
Eastern Basin, and inter-bedded proximal and distal facies in the southern region of the Eastern
Basin. This observation is used as evidence to infer that the Gray Unit was deposited under open
ocean conditions with periods of ice sheet advance, which would be responsible for the proximal
facies of the Gray Unit (Fig. 15). A ~50ms thick chaotic pod can be observed within the north
Eastern Basin and is interpreted as being the product of gravity flows. Smaller pods of chaotic
facies can be observed throughout the Gray Unit in the same region. These pods may be the
result of sediment gravity flows from grounded ice shedding sediment into the Eastern Basin (De
Santis et al., 1995). Based on the distribution of proximal facies, it is proposed that the ice sheet
advances associated with deposition of the Gray Unit most likely did not advance much farther
basinward of the SCH. The overall decrease in basinward dip at the Gray Unconformity (Fig.
15) relative to that at the Yellow Unconformity (Fig. 14) shows that the Eastern Basin platform
was aggrading during this timeframe.
1.4.2.4 - The Orange Unit - First Shelf-wide, Miocene-aged WAIS
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Some facies of the Orange Unit could not be placed within the confines of the three-fold
subdivision of seismic-facies types. Additionally, intra-unit surfaces present in the unit seem to
be erosive contacts. Therefore the facies of the Orange Unit were mapped as distal over
proximal, as the inter-bedded relationships of this unit best fit that description. The facies
relationships of the Orange Unit are used as evidence that there were multiple (4-5) episodes of
ice-sheet advance-retreat cycles during deposition of the whole Orange Unit, at a shelf-wide
scale. The observation that the Orange subunit 3 (Fig. 18) was truncated by the Orange
Unconformity, is indicative that the ice sheet that formed the Orange Unconformity was a largerscale erosive event.
The Orange Unit's facies are mapped as strictly distal facies overlying proximal facies
(Fig. 17). However, if one looks at the facies of the Orange Unit on certain seismic profiles
(Fig.19) it appears as if the facies are laminated. These features are interpreted to be laminated
sub-ice reflectors, the product of overpressured, subglacial tills (Bohm et al., 2009). In the
basinward direction, the chaotic (proximal) facies thicken (e.g. Fig. 24), lending support to the
hypothesis that the facies are proximal, the laminations are erosional and of a subglacial origin.
Multiple hypotheses may explain the mode of deposition of the Orange Unit. The
preferred interpretation is that the laminations are the result of stacked unconformities and are
subglacial features. Overall, the Orange Unit is interpreted as at least four episodes of a
shelfwide WAIS advance, with the laminated reflectors that are present on lines 94-14 and 95-19
(Fig. 13, 24) for example, being either subglacial tills, or individual unconformities from an ice
sheet that undulated back and forth in a relatively quick manner at the topographic highs before
making shelf-wide advances across the Eastern Basin. The major, intra-unit unconformities,
which are the upper bounds of the "subunits," are erosive in nature and truncate lower subunits'
reflectors in certain locations. Some units have glacial marine sediment above them in areas.
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Evidence for more than four advances is preserved, but more could have occurred, and been
removed by successive advances. An alternate interpretation of the Orange Unit and its
underlying subunits is that they were deposited by a single ice sheet advance and the subunit's
upper reflectors are low-angle foresets of an overall prograding sequence.

Figure 24. Section of seismic profile 94-09 (dip line) showing the intra-unit unconformities and
the inter-bedded chaotic (proximal) and laminated (distal) seismic facies within the Orange Unit.
Note the undulating nature of the intra-unit unconformities (on the distal facies), indicating they
are erosional. VE=33:1.
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1.4.3 - Reconciliation with Previous Studies
The data and interpretations presented here seem to agree most with the Chow and Bart
(2003) study, although this is dependent on what one considers a shelf-wide grounding event. If
a shelfwide grounding event in the Ross Sea requires ice distribution from Marie Byrd Land to
the Transantarctic Mountains to near the modern-day location of the shelf break, then the first
shelfwide advance of the WAIS within this study would be the one that deposited the Orange
Unit, which is in agreement with DeSantis et al. (1995). On the other hand, a modern-like shelf
platform had not yet been constructed in the early and middle Miocene. It is argued that the
volumes of ice responsible for creating the Brown, Pink, and Black unconformities, for example,
must have been of very large proportions, possibly similar in scale to the modern WAIS, or ~5-7
m of sea level equivalent (Pollard and DeConto, 2009). This would, in turn, imply that
throughout the MMS, the WAIS volume increased via inflation, as opposed to increased areal
extent, since the basinward extent of ice-proximal facies did not change significantly through the
MMS (~50km).
In agreement with Chow and Bart (2003), it is argued that the topographic highs in the
Ross Sea acted as nucleation and hinge points for medium to large-scale WAIS advances to
occlude the Central Trough, during the formation of the Black, Brown, and Pink Units. It is here
argued that the highs acted as nucleation points for a large to medium scale WAIS that could not
advance to the shelf break and into the Eastern Basin because of the ramp geomorphology of the
outer shelf during the Early to Middle Miocene. The findings of this study do not entirely agree
with the conclusions of Anderson and Bartek (1992) that multiple ice sheets advanced all the
way to the shelf break throughout the Miocene, but this is because a true shelf break did not exist
until the late Miocene. Regardless of the agreement/disagreement between the nuances of this
study and the aforementioned studies, one conclusion is common: during the Miocene, sufficient
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ice volume existed on the Ross Sea OCS (regardless of it being shelfwide or restricted to
localized topographic highs) to influence the seismic stratigraphic record. It is argued that ice
volume estimates based on proxy data should take into account the existence of a WAIS, e.g.
Pekar and DeConto (2006). A hybridized view of Chow and Bart (2003) and DeSantis et al.
(1995) is preferred for this study.
1.4.4 Correlation to ANDRILL - SMS Site

Figure 25. Summary table correlating this investigation to coeval section within the SMSAndrill core. Note: the Pink Unit is dated between 14.2 -13.8 Ma, the Black and Brown Units
are dated between 16.2 and 18.2 Ma, with the Black Unit being stratigraphically older. See Text
for details on dating these units. SMS sedimentology was taken from Fielding et al. (2009) and
the age model used to date the core was taken from Kontar et al. (2010; Fig. 20). Black
represents sampled section of the outer shelf DSDP sites. Dashed lines represent the possible
locations the Eastern Basin Unconformities correlate to unconformities in the SMS core.
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The 70+ „sequences" identified at the SMS Andrill Site are most likely similar to
parasequences, which are defined as a conformable succession of genetically related beds, of
local extent, and bounded by marine flooding surfaces (Vail et al., 1977). Following the
sequence stratigraphic model, the stacking pattern of these parasequences, i.e. aggradation,
progradation, or retrogradation, might show whether the outlet glaciers that most likely deposited
these sequences expanded into a shelf-wide ice sheet through time, or remained limited to the
terrestrial margin. The seismic data used on the outer shelf does not resolve sequences of similar
thickness as those noted at the SMS Site and so it is possible that a similar stacking of sequences
is not detected on the outer shelf.
Of the well-constrained section dated within the SMS core, i.e. from the Rh reflector to
the SMS bottom-hole depth, a similar coeval section exists on the OCS. It is only within this
section therefore that correlations from the OCS to the ICS can be made. This section on the
OCS dates from 19.2 to 14.1 Ma, and coeval section at the SMS site ranges from approximately
875mbsf to 225mbsf (Fig. 25). Within this section at the SMS core, approximately 27 sequences
are preserved, representing all three "motifs" described by Fielding et al. (2009). On the OCS,
three grounding events investigated within this study are described within the coeval section: the
Black, Brown, and Pink Unconformities. The Pink Unconformity may be correlative with the
Rh reflector, which lies at approximately 225mbsf in the SMS core. The Rf reflector may
correspond to the Brown Unconformity. Alternatively, an unconformity at ~300m, dated to
~16Ma may correspond with the Brown Unconformity. If this is true, then the Brown
Unconformity is time-transgressive. The Black Unconformity may correspond to an
unconformity in the SMS core at approximately 607 m. What may be said with the available age
data is that the majority of the parasequences are most likely the product of alpine outlet glaciers
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from the TAM, with at most only a few representing large-scale advance of the WAIS to the
OCS.

Figure 26. Drawing of the Andrill-SMS core from 100m to 1,138m (Fielding et al., 2009).
Numbers on the left are depth in meters. Lithology of the SMS core: green represents
conglomerate, brown represents siltstones and mudstones, gray represents claystones, yellow is
sandstones, and orange represents diamictite. LSU 13 is the predominantly black and grey
section within lower third of the core, starting around 1,000m.
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An additional correlation between the SMS core and the OCS can be made. A 43.59m
thick section, between 996.69 and 1040.28 mbsf, of medium to coarse-grained siltstone with
inter-bedded sandstone exists within the SMS core, i.e. lithostratigraphic unit (LSU) 13 (Fielding
et al., 2009). LSU 13 can be seen in Fig. 26. On the OCS, a thick section of laminated, ice distal
facies can be observed below the chaotic (ice proximal) facies of the Black Unit (seismic profile
90-36, Fig.8). This thick section of fine-grained material on both the inner and outer shelf may
be indicative of an extended period of time of open marine conditions. On the other hand, these
similar sections may only be anomalous in that they were preserved on the shelf, as opposed to
being eroded by advancing ice. Given the slight uncertainty of the genetic relationship between
these two features, and their tentative temporal relationships, it is concluded that they may be
anomalous solely in that they are preserved and have not been removed by ice advances.
1.4.5 Closing Remarks
Glacioeustacy is the only known phenomena to operate on the magnitude and timescales
of observed, low-latitude eustatic fluctuations (Miller et al., 2005b). Given the known eustatic
fluctuations to have occurred during the Miocene (e.g. Haq et al., 1987), glacioeustacy must have
played a large role in these observed changes. The above studies make the idea of a welldeveloped, Miocene-aged WAIS plausible, but only direct evidence from West Antarctica will
provide the answer as to the existence of a Miocene-aged WAIS. For example, an investigation
on the Antarctic Peninsula puts the formation of the WAIS into the early Oligocene (Ivany et al.,
2006), and Wilson and Luyendyk (2009) propose that West Antarctic land volume was 20%
greater than that of today, which would increase the volume of the WAIS even if it was only
restricted to the terrestrial realm during the Oligocene. The data presented here, as well as other
studies (e.g. Bartek et al., 1991; Anderson and Bartek, 1992; DeSantis et al., 1995, 1999; Chow
and Bart, 2003; Bart 2003) supports the hypothesis of marine-based ice in the Ross Sea during
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the Miocene. The amount of Miocene ice volume that may be attributed to West Antarctica,
whether it is 1 or 10 meters of sea level equivalent, is debatable, but this study demonstrates that
the idea of an ice-free Ross Sea in the early to late Miocene is incorrect and that reconstructions
of ice volume should include data from the OCS.
1.5 SUMMARY
1) Extent of grounded ice within the Ross Sea was extensive during the early Miocene, as
evidenced by deposition of ice-proximal facies associated with the Black Unit (<18.2 Ma). Shelf
geometry, i.e. a deep Eastern Basin, prohibited growth of ice sheets on the entire OCS.
2) The Brown and Pink Unconformities were eroded by massive ice sheets, which caused
widespread erosion on the OCS at the Central Trough. The ice sheet associated with the Brown
Unit did not penetrate the deep part of the Eastern Basin. Evidence of streaming ice exists within
the Brown Unit.
3) The ice sheet associated with the Pink Unit created even larger-scale erosion than the Brown
Unconformity at the Central Trough, and, in regions, effectively removed portions of the
underlying Brown Unconformity (and therefore its' own unit). Widespread Pink Unit proximal
facies within the Eastern Basin indicates that the most massive ice sheet until this point in time
existed within the Ross Sea. The Pink Unit facies map indicates possible a possible sediment
source from the interior of West Antarctica.
4) A smaller-scale ice sheet, or ice caps restricted to the N/SCHs existed during deposition of the
Blue Unit, during the middle Miocene, sometime between 14.2 and 13.8 Ma.
5) A period of glacial marine sedimentation followed with minimal influence from grounded ice
on the outer shelf. This occurred during deposition of the Light Blue Unit, between 14.2 and 13.8
Ma.
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6) Ice once again returned to the outer shelf sometime after 13.8 Ma (Yellow Unit) although it
was still restricted to the N- and SCHs and western edge of the Eastern basin. A thick section of
glacial marine sedimentation overlies the Yellow Unit proximal facies. Ice extent during
deposition of the Gray Unit was minimal. In agreement with DeSantis, et al. (1995), it is argued
melt-derived sediment may have helped play a role of infilling the Eastern Basin during
deposition of the Gray Unit, as evidenced by a large-scale outwash plane (see Chapter 2). Thick
distal facies are associated with the Gray Unit in the Northern region of the Eastern Basin.
7) Multiple advances of increasingly larger ice sheets deposited the Orange Unit. At least four
shelf-wide or near shelf-wide ice sheets grounded on the OCS during this time, resulting in
stacked unconformities and eventually culminating in the largest scale ice sheet grounding event
in the EB-OCS in the late Miocene.
8) The WAIS existed primarily around the SCH, NCH, MBL, and the West Antarctica interior
until the end of the Middle Miocene. This study tends to agree most with Chow and Bart (2003).
9) Throughout the MMS, increases in WAIS volume were most likely driven by inflation of the
ice sheet, as opposed to lateral extent.
10) A mismatch in the number and frequency of ice grounding events at the SMS-Andrill site
and the OCS is apparent, with at least three having occurred on the OCS correlating to ~27
within coeval section at the SMS site.
11) This study tends to agree most with Anderson and Bartek (1992) and Chow and Bart (2003),
with a caveat: no grounding events occurred within the Eastern Basin of the Ross Sea until the
Late Miocene.
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CHAPTER 2 - INFLUENCE OF MELTWATER DISCHARGES ON THE MIOCENE
STRATIGRAPHIC RECORD
2.1 INTRODUCTION
2.1.1 Dry Valleys
The Transantarctic Mountains (TAMs) are the uplifted flank of the West Antarctic Rift
System and border the Ross Sea to the west. Within the TAMS, the Dry Valleys were carved by
a series of outlet glaciers from the East Antarctic Ice Sheet (EAIS) which drained into the Ross
Embayment. The Dry Valleys presently experience a hyper-arid, polar climate (Summerfield et
al., 1999). Katabatic winds and a stable EAIS have kept this region relatively ice and water free
since the late Middle Miocene (Marchant and Denton, 1996; Marchant et al., 1996, Denton and
Sugden, 2005), preserving channel features and near-surface tephra, which has been used to
constrain timing of EAIS stability, i.e. transition to a polar state (Lewis et al., 2006; 2007).
2.1.2 Palaeooceanography
A gradual cooling and salinization of the deep ocean, the result of the closure of the
Tethys Seaway and a change to meridional ocean circulation (Shackelton and Kennett, 1975;
Flower and Kennett, 1994) led to Antarctic ice sheet growth and global cooling, referred to as
the Middle Miocene Shift (MMS; ~15-12.4 Ma). Atmospheric cooling of ~25-30ºC culminated
at 13.94 Ma in the Dry Valleys region of the Transantarctic Mountains (Lewis et al., 2007),
arguably contemporaneous with the formation of a permanent polar state for the EAIS.
Presumably, the Miocene reorganization of global thermohaline circulation cooled the
Southern Ocean sufficiently to permit a marine-based WAIS to form. The timing of cooling at
sea-level is still debated, but it is generally agreed that by the early part of the late Miocene, a
marine-based, polar to semi-polar WAIS existed on the Pacific margin of the Ross Sea
(Anderson and Bartek, 1992; DeSantis et al., 1995; DeSantis et al., 1999; Gray, 2007; Bohm et
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al., 2009). The WAIS has presumably since waxed and waned with at least some anomalously
large super-interglacials, e.g., the MIS 31 event (Naish et al., 2009).
2.1.3 Terrestrial Meltwater Pulses along the Western Ross Sea Continental Margin
Middle Miocene meltwater discharges from the terrestrial margins of the Ross
Embayment (e.g. Convoy blocks, Royal Society Range, and Dry Valleys) entered the Ross Sea
over a period of a few million years during the mid-Miocene. These meltwater discharges were
the result of EAIS overriding the TAM throughout the MMS (Lewis et al., 2006, Denton and
Sugden, 2005, Sugden et al., 1991). It has been proposed that a cold-based ice sheet with highlylocalized warm-based zones, indicating an overall transition from warm- to cold-based ice,
carved subglacial channels and potholes prevalent in the Dry Valleys and elsewhere in the TAMs
(Sugden et al., 1991).

Figure 1. Aerial photograph of the
Labyrinth, Dry Valleys (Lewis et al.,
2006).

Subglacial meltwater discharges from the Labyrinth (Fig. 3) and the formation of a series
of anatomizing channels the Dry Valleys, has been dated between 14.4 and 12.7 Ma (Lewis et
al., 2006). It was hypothesized that the melt discharged into the Ross Sea and changed Southern
Ocean thermohaline circulation (Lewis et al., 2006). The presence of freshwater algae and
terrestrial palynomorphs within an offshore drill core (dated to 15.7 Ma; Warny et al., 2009),
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indicates that melt discharge also occurred in this region earlier. The transition from wet- to
cold-based glaciers in the Olympus Range of the Dry Valleys took place at 13.94 Ma, coincident
with the large-scale temperature drop (25-30ºC) in the alpine region of the TAM (Lewis et al.,
2007). The terrestrial records match relatively well with the contemporary, proxy-based view of
a warm period between 15-17 Ma, preceding gradual cooling between 15-12.4 Ma. The
temperate-polar transition of the EAIS at the Dry Valleys was driven by atmospheric temperature
changes. It is generally accepted that deep ocean cooling leading to marine expansions of the
WAIS may have been delayed in relation to this atmospheric cooling (Flower and Kennett,
1994). Determining the difference in timing, if any, between the large-scale expansions of the
EAIS and WAIS is key to determining whether the atmosphere or deep ocean cooled first.
This study aims to address the role meltwater played on the OCS and whether melt
features on the shelf can be temporally or physically linked to the terrestrial meltwater discharges
dated by Lewis et al. (2006). The main questions this study aims to address the following three
questions. 1) To what extent did organized meltwater affect the OCS throughout the Miocene?
2) What was the source of the melt water? 3) Are meltwater features on the OCS linked
physically or temporally to the Labyrinth meltwater discharge episodes? It is hypothesized that
meltwater features will be found on the Ross Sea OCS in early and middle Miocene strata, but
that the influence of meltwater should become less important toward the end of the OCS.
Additionally, it is hypothesized that there is a temporal link but no physical link between OCS
meltwater features and the Labyrinth melt discharges.
The history of grounded ice in Ross Sea during the Miocene was addressed in Chapter 1.
With those conclusions in mind, this study aims to determine 1) the influence of meltwater on
the OCS and 2) how the overall temperate-polar transition evolved at sea level (as opposed to the
high altitude TAMs).
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2.2 METHODS
The Miocene section within the Eastern Basin was targeted through correlations to DSDP
Leg 28 outer shelf sites. Lower Miocene section is present at Site 270, and lower to middleMiocene section is present at Site 272. Correlations of regional unconformities around the
Central and Eastern Ross Sea were made using the seismic data collected during the PD-90,
NBP-94, NBP-95, NBP-03, and NBP-08 cruises. The unconformity-bound units were dated
using biostratigraphic data (Savage and Ciesielski, 1983).
"Meltwater features" were mapped based on the existing descriptions of such features in
the literature (Wellner et al., 2006; Eyles, 2006; Anderson and Oakes, 2008). The criteria of a
meltwater feature vary based on scale. Features such as drumlins, eskers, kettles, and kames
were not mapped due to the low density of seismic data in the Ross Sea. Multibeam swath
bathymetric data is necessary to successfully understand the geometry of these features, which
limits their mapping to the modern-day sea floor. Additionally, convex features, such as kames,
drumlins, and eskers could not be identified in this study since only coarsely-spaced 2-D seismic
data is available. Therefore, the only meltwater features investigated in this study were channels.
Objective criteria used to map meltwater channels included a V-shaped pattern (for small-scale
features), a U-shaped pattern (for large-scale features), depths ranging from 5ms TWTT (for
small-scale features) up to 50ms TWTT (for large-scale features). Repetition of a feature on a
single horizon on single or multiple seismic lines gave support to the interpretation of those
features being formed by meltwater discharge, as a sinuous or meandering channel would create
similar features along a single transect or intersecting transects, of course, depending on the
perspective.
2.3 RESULTS
2.3.1 Meltwater and Erosional Features
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For descriptions of the extent, depths, thicknesses, and facies makeup of each seismic
unit see Chapter 1.
The Blue Unconformity and correlative conformity has the highest number of channels
observed of all the horizons mapped (~70 V-shaped features, 10 U-shapes features; Fig. 2). The
smaller-scale, V-shaped channels range from 200-300m wide and 10-20 meters deep, while the
larger, U-shaped channels are 5-10km wide and are 10-50 ms TWTT deep. The channel features
at the Blue Unconformity are clustered in groups of 4-5 channels per 4km, or as individual
channels. The clusters and individual channels are spaced approximately 1-10 km apart. Fig. 2
and Fig. 4, seismic profiles 90-36 and 95-19/20, respectively, show the general distribution and
size of the Blue Unconformity channel features. The Blue Unconformity horizon was oldest
stratigraphic level where melt features were observed. Correlation to available age control
indicates that this unit occurred between 14.1 and 13.8 Ma, i.e., during the Middle Miocene
Shift.

Figure 2. Section of seismic profile 90-36 showing channel features (yellow) on the Blue
Unconformity highlighted in yellow. (VE=66:1.)
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Figure 3. Structure map of the Blue Unit. CI = 100ms. Location of meltwater channels are
shown in blue. Displayed seismic lines are labeled in gray text. Note that the channels near the
Blue truncation at the SCH are the only large-scale features and are shown on seismic line 94-15.
Seismic profiles 90-36 (Fig. 2), 95-19/20 (Figs. 4 and 5), and 94-15 (Chapter 1, Fig. 23) are
labeled in gray text. The Blue Unit downlaps (orange dashed line) the Pink Unconformity to the
northeast of the map, indicating a sediment source from the southwest, i.e. the Central Trough
and Central Highs. Erosion has effectively removed mush of the Blue Unit from the study area
(red lines). Large-scale U-shaped channels are located in the southern region of the map, and
small-scale V-shaped channels are located in the northern region of the study area. The
meltwater channels associated with the Blue Unit and Unconformity are the most numerous and
widespread within the Miocene section investigated in this study. The present-day Ross Ice
Shelf is the light blue area in the south.
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Figure 4. Line drawing of seismic profile 95-19/20 showing the unconformities mapped
(Chapter 1) and the locations of the meltwater features described in Chapter 2. (VE=66:1) Black
box is the location of Fig 5.
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Figure 5. Section of seismic profile 95- 19/20 showing channel features on the Blue
Unconformity and within the Light Blue Unit highlighted in yellow. (VE=66:1).
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The facies of the Light Blue Unit are all distal facies, but the lower section of this unit,
especially within the southern region, is not as reflective as the upper portion. The upper
reflector of the lower portion of the section has a few channel features on select seismic lines
(Fig. 4,5). The channels are of similar proportion and relative distribution to the V-shaped
(small-scale) channels of the underlying Blue Unit (Fig. 3). The light Blue is also constrained to
have formed between 14.1 and 13.8 Ma by correlations to DSDP site 272 within the Eastern
Basin (Chapter 1).

Figure 6. Light Blue facies and structure map showing location of channel features on seismic
profile 95-20. No ice-proximal facies are associated with the Light Blue Unit, although toward
the east, the Light Blue Unit downlaps the Pink Unconformity, indicating a southern-sourced
sediment supply.
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Meltwater channels exist on the structurally higher regions of the Yellow Unconformity
near the NCH (Fig. 7). A cluster of seven channels was observed on seismic line 94-12 (Fig. 7),
where it crosses line 03-11. These features extend for approximately five kilometers. Two other
channel features lie approximately 10 km up dip from the larger cluster. The Yellow
Unconformity is younger than 13.8 Ma and older than the oldest Pliocene sampled at Site 272.

Figure 7. Yellow structure map and locations of channel features on the Yellow Unconformity.
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Meltwater channels were also observed within the Gray Unit and on the Gray
Unconformity (Fig. 8). The channel features on the Gray Unconformity are in the same general
area as the channels on the Yellow Unconformity. A relatively large cluster of these channel
features are located on the Eastern flank of the NCH and cover an area of ~300km2 (15km x 20
km on two perpendicular seismic lines). The channels within this cluster are individually spaced
~2-5 km apart. The channels are 100-200m wide and a few meters deep. In addition to these
channels, which closely resemble similar features observed within and on the other units, broad
"outwash zones" occur within the Gray Unit. These are erosional surfaces with a lateral extent of
approximately 20-30 kms, and vertical extent of 100-125 ms TWTT (~75-100m) on surfaces that
dip in a basinward direction. Anderson and Bartek (1992) noted similar geomorphic features in
older, Oligocene strata and cited them as evidence of an early foredeepened shelf.
In summary, four of the units investigated in Chapter 1 of this study, i.e. the Blue, Light
Blue, Yellow, and Gray Units, exhibit evidence of meltwater channel features. The Blue Unit
has the most numerous and most widespread distribution of meltwater channel features.
Meltwater features associated with the Gray Unit are significant, based on the presence of broad
outwash zones. The units investigated in Chapter 2 are dated using the results of Chapter 1.
The Blue unit was dated between 13.8 and 14.2 based on the interpretation that is its
correlative conformity downlaps onto the Pink Unconformity, whose underlying unit was
sampled at Site 272 and dated between 13.8 and 14.2 Ma (Savage and Ciesielski, 1983). The
Light Blue Unit is similarly dated. The Yellow and Gray Units were dated to be younger than
13.8 Ma, but must be older than the oldest Pliocene section sampled at Site 272. It is also noted
that another unit investigated in Chapter 1, the Orange Unit, lies between the Gray Unit and the
upper bounding age of the this section is likewise older than the oldest Pliocene sampled at Site
272.
62

Figure 8. Gray structure map with meltwater feature locations. Note that the "outwash zones"
and the channel features are on different stratigraphic levels within the Gray Unit. The outwash
zones are within the Unit, and the channel features are on the Gray Unconformity.
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Figure 9. Section of seismic profile 94-09, displaying the outwash zone within the Gray Unit.
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2.4 DISCUSSION
When describing the influence of melt water on the stratigraphic record of the OCS, it is
primarily important to determine if the channel features seen in the seismic data are indeed
meltwater channels. Other possible mechanisms that may leave similar feature are slope gullies
and iceberg furrows. The channel features identified are most likely not slope gullies because
the paleo-slope break is farther basinward than all of the channels observed. In most cases,
iceberg furrows can be eliminated as the erosional mechanism because of: 1) the distribution and
high number of the channels, and 2) the presence of "outwash planes," or broad (10-25 km) and
erosive features, at the same horizon as the channel features.

Figure 10. Different types of meltwater flow through and around glaciers/ice sheets (After Eyles
2006).
2.4.1 Blue Unit & Meltwater Channel Features
Is it possible for a sediment-rich, meltwater discharge from the TAM to maintain enough
cohesiveness to erode a series of channels (up to 20 m tall) on the seafloor of the OCS in the
Eastern Basin, a distance up to 500 km away? Analogous examples may give some insight. The
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Escanbana Trough in the North East Pacific Ocean records 120m-thick turbidites deposited
within a timeframe of 5 ka (Brunner et al., 1999). Jökulhlaups from the Cordilleran Ice Sheet,
which carved the Scablands of Washington State, maintained hyperpycnal flow for 1,100 km
within the Pacific, and deposited the aforementioned turbidites, but no channel features were
eroded at this location (Brunner et al., 1999).
Three hypotheses are proposed to explain the occurrence of the laminated seismic facies
(glacial-marine) and erosional channels observed on the Ross Sea OCS, if they are geneticallyand/or temporally- related to the Labyrinth discharges. The first hypothesis is that there was no
ice sheet and the meltwater from the Labyrinth discharged directly into the Ross Sea. The
second hypothesis is that an ice sheet was present and meltwater discharge entered the Ross Sea
by overriding the ice sheet (from TAM discharges). The third hypothesis is that an ice sheet was
present and the discharge was released from subglacial lakes underneath the ice sheet.
The first hypothesis can be ruled-out because of the presence of proximal ice facies. The
second hypothesis is ruled-out because hyperpycnal flow would had to have been maintained
confined flow over an exceedingly long distance (>800 km) to erode seismically-resolvable
channels from the Labyrinth to the Eastern Basin meltwater channels on the OCS. If the
discharge primarily over-rode the WAIS, velocity of the discharge would decrease once it
entered the marine realm; the freshwater would float, and the sediment would be deposited at the
foot of the grounded ice sheet, resulting in a thick mounds of glacial-marine sediment of limited
extent, with no erosional channel features.
The third hypothesis is here preferred, but with uncertainty as to the original source of
melt discharge. A genetic relationship between the terrestrial- and marine-realm discharge
events cannot be proven with this data, and it is most likely that the melt was derived locally
from the WAIS grounding line, as opposed to TAM outlet glaciers or the EAIS. If terrestrial
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discharge was released onto the WAIS, then stored en- and sub-glacially within the WAIS, it
may have been available for later release into the marine realm to form the channel features
observed. No erosion was recorded from the Cordilleran Jökulhlaups (Brunner et al., 1999),
whereas erosion is a prominent feature within the section of interest on the Ross Sea OCS. If the
source of melt was derived from the TAM Labyrinth discharges, then this is the mechanism by
which it would have eroded channels 800km away. However, it is here preferred that the source
of melt was locally derived, i.e. the ice sheet was grounded at the SCH. This hypothesis is the
simplest explanation for the presence of the channel features on the OCS.

Figure 11. Conceptual diagram showing the multiple hypotheses used to explain how melt
discharge may have entered the Ross Sea from the terrestrial margin. For Hypothesis 3, it is
proposed that the WAIS would have acted as a reservoir for melt and sediment from the
terrestrial realm.
Based on the location of the channels in the northern region of the Blue Unconformity in
relation to the structure map (Fig 2), some of these channels were most likely sourced by
grounded ice from the NCH. The channels observed on seismic lines 90-36 and 94-08 (Figs. 3 &
9, respectively) are structurally higher than the channels on line 95-19/20 (Figs 4 & 5). If all of
the channel features were the result of flow from the South, then this would require flow from
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the SCH, through the Central Trough and then up onto the lower section of the NCH.
Unfortunately, the northern section of Blue Unconformity was removed by subsequent erosion.
No proximal ice facies exist in this area associated with the Blue Unit. The grade of the Blue
Unconformity varies from 0.54 º - 2.148º over a distance for 10-20 km before flattening out.
These steep grades would make flow upslope physically impossible, especially in a submarine
environment. However, the presence of ice-proximal facies at the SCH, and large-scale channel
features on the Blue Unconformity leads one to the conclusion that the channel features may be
sourced from both the NCH and SCH. If an ice cap at the NCH provided the melt for some of
the channel features, then direct evidence of it, in the form of proximal ice facies, had to have
been eroded away during a subsequent advance of grounded ice. It is argued that the channels
may be the result of melt coming from ice caps at both the N-and SCH. Figure 12 is a
conceptual diagram showing the possible path that the discharges from ice at the NCH and SCH
could have taken.
Since the Blue Unit is dated between 13.8 and 14.2 Ma, it appears that the discharges
associated with this unit are within the timeframe of the dated terrestrial melt water discharges
from the Labyrinth (Lewis et al., 2006). Making a one-to-one correlation between the two areas
is not possible because the individual discharge events that occurred at each site are not
constrained. In other words, implying that a discharge event that occurred in the TAM and a
discharge event that occurred on the outer shelf are precisely contemporaneous is not possible.
When considering the possibility of a genetic relationship between the discharges that occurred
in the two regions, Hypothesis 3 from Fig. 11 proposes a mechanism for the transportation of
meltwater from the terrestrial realm to the marine realm. Considering that an ice sheet may have
occluded the southwestern Ross Sea (Ch.1), this is a possible scenario.
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Figure12. Blue Unconformity structure map showing inferred locations of ice sheets and
outwash planes that carved observed channels observed in the seismic data.
2.4.2 Light Blue, Yellow and Gray Meltwater Features
The top portion of the Light Blue Unit has multiple, well defined reflectors, while the
bottom portion consists of poorly defined reflectors with areas of washout. The washout may be
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due to dissipation of energy as it traveled through the strata. A different, more geologicallybased interpretation is that ice was grounded in the West Antarctic (WA) interior and/or around
terrestrial margins and shedding voluminous sediment, calving ice bergs, and providing abundant
ice rafted debris (IRD) to the OCS, in turn, giving more chaotic facies in the upper section of the
unit. This section may be less reflective because sheet flow from melt discharges was
unchannelized sediment, but not enough energy was maintained to create abundant melt
channels. During deposition of the lower section, grounded ice may have existed around the
margins of the TAM, MBL, and the interior of West Antarctica. There is no evidence of
grounded ice on the OCS during deposition of the Light Blue Unit. The channels observed on
the lower portion of this unit imply that there may have been discharge from grounded ice to this
OCS area, which maintained enough energy to carve some channel features on this horizon.
Alternatively, the channel features may be iceberg furrows, as the deposition of IRD is being
invoked for the semi-chaotic nature of the lower portion, and if this were the case, icebergs
would have been present. The upper portion of the Light Blue Unit may indicate that climate
was warming as there is no evidence of grounded ice on the OCS, and the thick upper portion of
the unit is strongly laminated, but with no evidence of periodic fluxes of sediment from melt
discharges. The lower part of the Light Blue Unit represents a phase when ice may have been
grounded on the WA interior, i.e. proximal to the OCS, but not on the OCS. The upper Light
Blue Unit represents a period when conditions were relatively ice free, with no evidence of ice in
proximity to the OCS. The Light Blue Unit may be a down-dip equivalent of the Blue Unit, but
this is speculative as there is no evidence, other than the presence of a few meltwater channels,
that there was grounded ice on the OCS during deposition of the Light Blue Unit.
A few channel features are present on the Yellow Unconformity (Fig 7), as well as the
Gray Unconformity (Fig 8 & 9). Outwash planes are also present on the Gray Unconformity.
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These features provide evidence that melt-derived sediment was continuing to be sourced from
ice grounded on the OCS to the Eastern Basin. Voluminous and rapid melt-derived
sedimentation may have played a role in building the platform within the Eastern Basin, as
mentioned in Chapter 1. A large proportion of this sediment most likely was sourced from ice
sheets or ice caps grounded on the OCS during the deposition of these units. There are numerous
channels associated with the Gray Unit, only second to the number of channels on the Blue. This
implies that the ice sheets or ice caps that were associated with the Gray Unit provided
significant melt-derived sediment to the outer shelf. It is suggested that future work should
investigate the Gray Unit in detail to determine the exact influence melt-derived sediment on
Eastern Basin continental shelf platform development.
No strong evidence of melt channels, or meltwater features were found within the Orange
Unit. This may suggest that melt runoff from the WAIS decreased in volume during the
deposition of this unit. A possible explanation for this is that the transition from a temperate,
wet-based system to a polar, dry-based system was underway or nearly complete. The proxy
δ18O record (Fig. 13) shows a transition to cooler climates from the MMCO to the present, and
the transition from a temperate- to polar-based WAIS is argued to have occurred around 10 Ma
(DeSantis et al., 1995, 1999).
2.4.3 Correlation to the Terrestrial Realm, TAM Meltwater Discharges
The age of the Blue and Light Blue Units is between 14.1 and 13.8 Ma, with the Blue
unit being older than the Light Blue. These dates correlate relatively well with the Labyrinth
meltwater discharges, which occurred between 14.4 - 12.7 Ma (Lewis et al., 2006). It is evident
that the major marine-realm meltwater discharges, i.e. those associated with the Blue Unit,
occurred over a shorter time period than the meltwater discharges from the terrestrial realm.
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Figure 13. From left to right: Zachos et al. (2008) Oxygen isotope curve, Haq et al. (1987)
eustatic curve, and Miller et al. (1991) glaciation events. Dashed lines represent the timing of
meltwater discharge events from the terrestrial realm. Dates from the "Labyrinth" taken from
Lewis et al. (2007), and the palynological date is from Warny et al. (2009).
This smaller timeframe may be due to the relatively short amount of time that grounded ice
exists on the OCS, in comparison to glaciers and ice sheets in the terrestrial realm, due to the
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vulnerability of marine-based ice sheets. However, it is also evident that marine-realm
meltwater discharges occurred after the ones from the terrestrial margin stopped, as can be
evidenced by the presence of channels within the Light Blue, Yellow, and Gray Units. It should
also be noted that erosion from successive ice sheet advances may have removed any evidence of
discharges, or that the seismic data used does not allow resolution of smaller-scale channels,
limiting our observations and, perhaps, biasing the record.
2.5 SUMMARY
1) Of the 8 Units investigated in Chapter 1, four of them contained evidence of meltwater
features, including both U-shaped, V-shaped channels, and outwash planes. These units are: the
Blue Unit, the Light Blue Unit, the Yellow Unit, and the Gray Unit.
2) The Blue Unit has the most numerous channel features of all the units, with a total of
approximately 70 V-shaped channels and 10 U-shaped channels. It is proposed that the WAIS
was grounded near the South Central High, perhaps hinged upon it, and that an ice cap existed at
the NCH, indicating a local source of meltwater.
3) A much less significant number of channels were observed within or on the Light Blue and
Yellow Units, implying less melt on the OCS relative to the Blue Unit. These units are also
composed of thick glacial-marine drape (although chaotic, i.e. ice proximal facies, are associated
with the Yellow Unit), implying that the lack of meltwater evidence associated with these units is
due to the lack of ice on the OCS.
4) The Gray Unit contains evidence of significant melt volume. Numerous meltwater channels
are present within the Gray Unit, as are outwash planes. It is suggested, in agreement with
DeSantis et al. (1995), that significant sediment-charged meltwater was shed into the Eastern
Basin from ice caps or an ice sheet grounded at the topographic highs in central Ross Sea. A
further investigation, particularly one with ground-truth data, into the distribution of middle to
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late Miocene meltwater features within the Ross Sea may yield more information as to the melt
influence on the geomorphology of the Eastern Basin.
5) Channels on the OCS are not genetically linked to the discharges associated with the
Labyrinth, but were sourced by a localized ice sheet and cap on the OCS. Temporal links
between the meltwater channels observed on the OCS were made to the Labyrinth meltwater
discharge events (Lewis et al., 2006). The marine discharges were short-lived and limited to a
single event, or a series of events within a short time span sometime between 14.1 and 13.8, in
comparison to those of the terrestrial realm (14.4-12.7 Ma; Lewis et al., 2006). This is most
likely due to the ephemeral nature of marine-based ice on the OCS.
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